This study was conducted to investigate the influences of fine-particle bombarding (FPB, maximum diameter of collision particles: 34 µm) and conventional shot peening (510 µm) on the surface properties of steel. The influence of injection pressure in FPB was also examined. The microstructures near surfaces were nano-crystallized by FPB and shot peening. Grain size of nano-crystals was more markedly decreased by FPB than shot peening, and further reduced by the use of high injection pressure in FPB. Surface hardness increased as the grain size of nano-crystals decreased. The hardened layers of the FPBed materials became thicker by the use of high injection pressure; however, they were still shallower than the hardened layers of the shot-peened materials. Compressive residual stress measured on surfaces was higher in FPBed materials than in shot-peened materials. The use of high injection pressure in FPB was not effective to further increase this stress.
Introduction
Fine-particle bombarding (FPB) is a surface modification method in which fine particles bombard the surface of metals. 1) In recent years, this method has been widely used for various engineering applications because of its marked effects. In its fundamental principle, FPB is similar to conventional shot peening. The difference between them is in the size of collision particles: namely, the particle size of FPB (maximum diameter 5 200 µm) is much smaller than that of shot peening (usually = 500 µm).
Particle size controls the depth of plastic deformation and applied energy density per unit volume. 2) In the case of FPB, since the kinetic energy of one particle is low, the plasticdeformed region is very shallow; however, numerous fine particles repeatedly collide at the same positions. As a result, applied energy density becomes markedly higher in FPB than in shot peening. Marked effects of FPB result from the above high energy density.
Wear resistance and fatigue strength of metals are closely related with surface properties, such as the surface hardness, residual stress and surface roughness. FPB significantly increases the surface hardness through nano-crystallization of the microstructure, 36) and introduces high compressive residual stress 2) without marked deterioration of surface roughness. Therefore, FPB greatly improves wear resistance 7) and fatigue strength. 2, 810) According to our studies, the combination of plasma treatments with FPB is more effective to improve the fatigue strength of titanium than single treatments.
1115) FPB can provide desirable functionality, such as high corrosion resistance by surface alloying. 16, 17) Although many results concerning FPB have been accumulated as mentioned above, more fundamental data are required for progression. Our previous study examined the influence of substrate hardness on the properties of the surface layers formed by FPB. 18) This study was conducted further to investigate the influences of FPB and conventional shot peening on surface properties of steel. The influence of injection pressure in FPB was also examined.
As substrates, two materials with different hardness were prepared from mild steel. The surface properties of the FPBed and shot-peened materials, such as microstructures, surface hardness, hardness distribution and residual stress, were systematically examined. In particular, surface microstructures were observed by transmission electron microscopy (TEM) in detail. Plastic deformation near surfaces was investigated on cross sections by electron backscatter diffraction (EBSD) analysis. Table 1 shows the chemical composition of mild steel JIS S45C used in this study. The material was the same as that used in the previous study.
Materials and Experimental Procedures
18) It was supplied as round bars with a diameter of 12 mm.
The material was machined to button-shaped specimens (diameter: 12 mm, thickness: 10 mm) and fully annealed to eliminate the process history. The specimens were quenched and tempered at 473 K and 873 K to change hardness ( Table 2 ). The test sections of specimens were polished with emery papers and alumina powders to mirror surfaces. Hereafter, these substrates are called "T473 material" and "T873 material", respectively. For reference, their microstructures, mechanical properties and hardness are shown in Fig. 1 and Table 3 . The microstructures of the T473 and T873 materials were different concerning precipitated carbides (¾-carbide and spherical carbide) because the tempering temperature was different.
In this study, FPB and shot peening were conducted under the conditions labeled "FPB-H" and "SP" in Table 2 , which mean FPB under high injection pressure (0.75 MPa) and shot-peening, respectively. In Table 2 , the condition of FPB examined in the previous study was labeled "FPB". The results of the previous study were used for direct comparison with the results obtained in this study.
Surface features of the treated surfaces were observed. Microstructures near surfaces were observed on cross sections polished to mirror surfaces and etched by 1% Nital etchant (mixture of nitric acid and ethanol). These observations were performed by scanning electron microscopy (SEM).
To investigate the surface microstructures in detail, TEM observation and electron diffraction were conducted in the direction normal to the treated surfaces. Samples with a diameter of 3 mm were cut from the treated surfaces. To avoid damage, the samples were carefully polished from the substrate side, and then ion-milled. Grain size of the surface microstructures was obtained from the results of TEM observation.
Surface hardness was measured by a micro-Vickers hardness tester under test force of 490 mN (50 gf ) and dwell time of 15 s. Five appropriate square indentations were selected and the mean values of hardness were used as data. Hardness distributions were obtained on polished cross sections under the test condition mentioned above. In this test, hardness was measured at each depth five times and the averages were used as data.
Plastic deformation near surfaces was examined on cross sections by EBSD analysis. As data, inverse pole figure (IPF) maps were obtained under the minimum confidence index (CI) of 0.1.
X-ray residual stress measurement was performed on the treated surfaces. The measurement conditions were as follows: X-ray: Cr K¡, diffraction plane: (211), diffraction angle: 2ª = 156.4 deg., ¼ angles: ¼ = 10, 20, 30, 35, 40 deg. (sin 2 ¼ method), oscillation: +/¹3 deg., peak search: fullwidth at half-maximum method, stress constant: K = ¹317.9 MPa/deg. Figure 2 shows the surface features of the FPBed and shotpeened materials. This figure includes the microstructures observed on cross sections.
Results and Discussion

Surface features and microstructures
As shown in Fig. 2 , craters were formed on the surfaces by the collision of particles. The size of craters was increased by the use of high injection pressure in FPB (T473/FPB-H, T873/FPB-H). It was still smaller than that by shot peening (T473/SP, T873/SP). If compared under the same treatment conditions, craters became larger by decreasing the hardness of the substrates.
Distinguishable surface layers, shown by dotted lines in Fig. 2 , were observed on the cross sections of the FPBed materials (T473/FPB-H, T473/FPB, T873/FPB-H, and T873/FPB). As explained in section 3.3, the microstructures of the surface layers were nano-crystallized. Some studies have reported that such distinguishable surface layers were generated by FPB. 36) According to our previous study 18) and another paper, 19) projections formed around craters were repeatedly folded by the collision of particles and surface layers were generated. In this study, the above mechanism is called the "folding mechanism".
Since the use of high injection pressure in FPB increased the kinetic energy of collision particles, plastic deformation reached deeper positions. Accordingly, the surface layers of the T473/FPB-H and T873/FPB-H materials were thicker than those of the T473/FPB and T873/FPB materials. The decrease in the hardness of the substrates increased the depth of plastic deformation, so the surface layers of the T873/ FPB-H and T873/FPB materials were thicker than those of the T473/FPB-H and T473/FPB materials.
In the shot-peened materials (T473/SP, T873/SP), the activation of the folding mechanism was confirmed near the surface (arrow) as well as in the FPBed materials. The microstructures near the surfaces were nano-crystallized by shot peening as explained in section 3.3; however, the surface layers could not be distinguished in the shot-peened materials through contrast by etching because the microstructures gradually changed from the surfaces to the inside. increase in the hardness of the substrates. If the hardness of the substrates was the same, surface hardness was increased by the use of high injection pressure in FPB, as understood by comparing T473/FPB-H and T473/FPB materials or T873/FPB-H and T873/FPB materials. The surface hardness of FPBed materials was higher than that of shot-peened materials, as understood by comparing T473/FPB and T473/ SP materials or T873/FPB and T873/SP materials. Figure 4 shows the surface microstructures observed in bright and dark fields by TEM, together with the diffraction patterns obtained in the observed regions. In Fig. 5 , the results of Fig. 3 have been rearranged to show the relationship between the grain size of the surface microstructures and surface hardness.
Relationship between surface microstructures and surface hardness
It is well known that dynamic recrystallization occurs in the hot working of metals. The recrystallized grain size depends on temperature and strain rate, so-called Zener Hollomon parameters, but does not depend on the strain. On the other hand, when metals are cold-worked under conditions of severe plastic deformation, a different type of dynamic recrystallization is induced. 20) This is often called "continuous dynamic recrystallization". In this type of dynamic recrystallization, grain size depends on the severity of plastic deformation.
Since FPB induces nano-crystallization of the surface microstructures through continuous dynamic recrystallization, 36) it is expected that the grain size of nano-crystals depends on the degree of plastic deformation. Plastic deformation near the surface becomes severer by the decrease of collision particle size and increase in injection pressure. In the case of substrates with high hardness, since smaller projections are made around craters and folded repeatedly, severe plastic deformation is induced near the surface.
18) Accordingly, plastic deformation near the surface becomes severer also by the increase in the hardness of the substrates.
The obtained results supported the above expectation, as mentioned below. As seen in Fig. 4 , the surface microstructures were nano-crystallized in all materials, including the shot-peened materials (T473/SP, T873/SP) in which no surface layer was observed. The grain size of nano-crystals was more markedly decreased by FPB than by shot peening, and further reduced by the use of high injection pressure in FPB. If compared under the same treatment conditions, the grain size of nano-crystals was decreased with the increase in the hardness of the substrates.
Some studies concerning nano-crystalline materials have reported that hardness continued to increase with decreasing grain size even in the region of very small grains of less than 100 nm. 2124) Corresponding to these studies, the surface hardness was increased with the reduction in the grain size of the surface microstructures, and there was a HallPetch relationship between them, as shown in Fig. 5 .
Although dislocation hardening affects the surface hardness, it is difficult to distinguish the influence of dislocation hardening from that of grain refinement; however, Kimura reported that the hardness of severely plastic-deformed metal was controlled by grain refinement rather than dislocation hardening when the hardness was beyond about 500 Hv. 
Influences of Fine-Particle Bombarding and Conventional Shot Peening on Surface Properties of Steel
In this study, since the hardness of the substrates was changed by tempering, the characteristics of cementite particles can affect the microstructures of the surface layers. Xu has reported that carbides in steel were dissolved by severe plastic deformation. 25) No cementite particles were observed in the surface layers by TEM observation. Accordingly, it was thought that cementite particles were dissolved by FPB and shot peening and had no influence.
Other factors such as Coble creep and the distribution of grain size can affect the hardness of nano-crystalline materials. Coble creep is mass flow due to grain boundary diffusion. Some previous studies reported that Coble creep decreases the hardness of nano-crystalline materials at a grain size 5 1030 nm, even at room temperature. 23, 24) The distribution of grain size also affects the hardness of nanocrystalline materials as well as the average grain size. 26) Nevertheless, the results obtained in this study (Fig. 5) showed that surface hardness increased with the decreasing grain size of nano-crystals. In consequence, it is probable that grain refinement is the factor most strongly controlling the surface hardness of FPBed and shot-peened materials. Figure 6 shows the IPF maps obtained on cross sections of FPBed and shot-peened materials. In this figure, the dotted lines show the outlines of the surfaces. Figure 7 shows their hardness distributions measured on cross sections together with surface hardness.
IPF maps and hardness distributions
Firstly, the relationship between the microstructures and the hardness distribution is explained based on the results concerning the group of T873 materials (T873/FPB-H, T873/FPB, and T873/SP). In T873/FPB material (Fig. 6) , the IPF map of the surface layer was imperfect because the grain size of the microstructure was very small. The results explained in the previous sections suggested that the microstructure of the surface layer was almost uniformly nano-crystallized (Figs. 2, 4) . Because of the above uniform microstructure, the hardness distribution of T873/FPB material was constant near the surface (solid circle in Fig. 7) .
In the region beneath the surface layer of T873/FPB material, the microstructure was compressed and refined, so hardness was increased. Since this region was thin, the hardness distribution sharply dropped from the surface hardness level to the hardness of the substrate in the depth direction.
In T873/FPB-H material, the grain size of the microstructure of the surface layer was further decreased by the use of high injection pressure in FPB and the thickness of the layer was increased, as explained in the previous sections. In the region beneath the surface layer, the compressed and refined microstructure extended to a deeper position (Fig. 6) . As a result, hardness near the surface (solid triangle in Fig. 7 ) was higher than that of the T873/FPB material, and the hardened layer became thicker.
The microstructure and hardness distribution of the shotpeened material (T873/SP) were markedly different from FPBed materials. As shown in Fig. 6 , the microstructure near the surface was nano-crystallized; however, its grain size was larger than in FPBed materials. The refined microstructure greatly extended to a much deeper position, and its grain size gradually increased in the depth direction. The above change in the microstructure was reflected in the hardness distribution (solid square in Fig. 7) ; that is, while the hardness near the surface was lower than in FPBed materials, the hardened region reached a much deeper position.
In the group of T473 materials, since the hardness of the substrates was higher than in the group of T873 materials described above, the affected regions were thinner (Fig. 6 ) and the hardness distributions were located at higher positions (open circle in Fig. 7) ; however, the tendencies of the changes in the microstructures and hardness distributions were almost the same as in the group of T873 materials. Dislocation hardening also affects hardness distribution. Its contribution could not be distinguished from refinement of the microstructures in the range of this study, because both depend on the degree of plastic deformation induced near the surface. Figure 8 shows the relationship between the hardness of the substrates and residual stress measured on the treated surfaces. The figure includes the results of the materials examined in this study (solid circle) and the results obtained in the previous study (open circle).
Residual stress
When particles collide with a metal surface, the plasticdeformed surface region tends to expand, but is effectively constrained by the material volume below it. As a result, compressive residual stress is introduced near the surface. According to this generation mechanism, the absolute value of compressive residual stress depends on both the degree of plastic deformation induced near the surface and the hardness of substrates.
When the hardness of the substrates increased, plastic deformation was markedly concentrated in the vicinity of the surface. At the same time, expansion of the plastic-deformed surface regions was strongly restricted by the substrates possessing higher hardness. Accordingly, if compared under the same treatment conditions, the absolute value of compressive residual stress increased by increasing the hardness of the substrates, as shown in Fig. 8 .
The use of high injection pressure in FPB increased the degree of plastic deformation induced near the surface, as mentioned in previous sections. Although the absolute value of compressive residual stress of T873/FPB-H material was higher than T873/FPB material (Fig. 8) , the value of T473/FPB-H material was slightly lower than T473/FPB material. In the range of the obtained results, the use of high injection pressure in FPB was not very effective to increase compressive residual stress. As the cause, it was thought that the surface layers became thicker by the use of high injection pressure, so that the deformation in the layers was not sufficiently restricted by the substrates.
The region to which plastic deformation reached was much thicker in shot peening than in FPB because of the difference in the kinetic energy of particles. Accordingly, the plasticdeformed surface regions of shot-peened materials were difficult to restrict by the substrates. As a result, the absolute values of compressive residual stress were much lower in shot-peened materials (T473/SP, T873/SP) than FPBed materials (T473/FPB, T873/FPB).
Conclusions
The obtained results are summarized as follows. For reference, an illustration is shown in Fig. 9 .
(1) The microstructures near the surfaces were nanocrystallized by FPB and shot peening. Relating to the degree of plastic deformation induced near the surface, the grain size of the surface microstructures was more markedly decreased by FPB than shot peening, and further reduced by the use of high injection pressure in FPB. (2) Surface hardness was closely connected with the grain size of the surface microstructures, and it increased as the grain size decreased. (3) The use of high injection pressure in FPB increased the surface hardness and thickness of the hardened layers; however, it was not very effective for increasing compressive residual stress. (4) The hardened layers of shot-peened materials were markedly thicker than those of FPBed materials. Their surface hardness and the absolute value of compressive residual stress were much lower than those of FPBed materials. (5) If compared under the same treatment conditions, the increase in the hardness of the substrates resulted in fine surface microstructures, higher surface hardness, thinner hardened layers, and higher compressive residual stress. 
